INTRODUCTION
Lactones are well-known flavor component in many natural products 1 5 , sex pheromone components 6 9 and useful building blocks for various drugs 10 12 . These lactones play important roles in the food and fragrance industries because they add sweet, milky, and fruity notes to many products 13 15 . However, the odor quality and threshold depend to a large extent on the chiral configuration and enantiomeric composition 13, 16 18 . Lactones are found naturally enantiomeric excess in various compositions 19 21 .
Therefore, use of similar enantiomeric excesses of optically active lactones is prerequisite to artificially simulate a natural flavor. δ-Tri-and δ-tetradecalactones are found in milk and dairy products such as cheddar, Gouda and blue cheese 22 27 . The enantiomeric excess composition of δ-tetradecalactone contained in these dairy products is generally R -enantiomer dominant 28 . Additionally, δ-tetradecalactone is widely found in cooked beef, sheep and chicken fats 29 31 . Sensory evaluation of racemic δ-tetradecalactone was performed by Schlutt et al. 32 , differences in odor properties and thresholds among enantiomers of δ-tri-and δ-tetradecalactones have not been reported. We synthesized these optically active lactones and evaluated their sensory properties. Tanaka , S -Nmethyl-5-hydroxytridecanamide S -3a 0.05 g, 21 , and S -δ-tridecalactone S -5 0.06 g, 27 . The lactonization of R -1a and S -3a is described in reference 41 41 . R -1a and S -3a were hydrolyzed 10 NaOH in methanol 20 mL at 90 for 3 h, and then cooled. A 10 H 2 SO 4 methanol solution was added dropwise to the mixture at 0 to pH 3. After evaporation, water 50 mL and EtOAc 20 mL were added, and the organic layer was separated. The aqueous phase was extracted with EtOAc, and the combined organic layer was washed with saturated NaHCO 3 and brine, dried over anhydrous MgSO 4 , filtered, and concentrated. Purification of the crude product by silica gel column chromatography n-hexane/EtOAc, 4/1, v/ v gave R -5 0.07 g, 78 and S -5 0.04 g, 75 , respectively. Enantiomeric excesses of R -1a and S -3a were determined by GC from the corresponding 5. Absolute configuration of all compounds was determined from the corresponding 5 compared with the literature data. In a typical experiment Table 5 , Entry 9 , a mixture of racemic N-methyl-5-acetoxytridecanamide 1.0 mmol, 0.29 g , methanol 3.0 mmol, 0.10 g , cyclohexylamine 2.0 mmol, 0.20 g , Novozym 435 0.4 g in the mixed solvent 20 mL, cyclohexane/CPME, 4/1, v/v were stirred at 80 for 96 h. Novozym 435 was removed by filtration, and the remaining solution was concentrated. Purification of the crude product by silica gel column chromatography nhexane/EtOAc, 1/1, v/v gave the mixture of R -1a, S -3d, and S -3a 0.06 g, 23 . The crude mixture of R -1a and S -3d was hydrolyzed with Na 2 CO 3 2.0 g in methanol 20 mL at 80 for 5 h, cooled, and then concentrated. Water 50 mL and CHCl 3 20 mL were added, and the organic layer was separated. The aqueous phase was extracted with CHCl 3 , and the combined organic layer was washed with brine, dried over anhydrous MgSO 4 , filtered, and concentrated. Purification of the crude product by silica gel column chromatography n-hexane/EtOAc, 1/1, v/ v gave R -3a 0.11 g, 47 and S -3d 0.07 g, 22 . The lactonization method and determination of enantiomeric excess and absolute configuration were described above.
3 Results and discussion 3.1 Effect of amount of Novozym 435 on reactivity and enantioselectivity We previously reported synthesis of optical activity δ-hexadecalactone by lipase-catalyzed resolution 40 . Rodrigues et al. reported that Novozym 435 showed high enzyme activity for methanolysis, and we used methanol as proton donor 44 . Methanolysis was performed using 0.4 g Novozym 435 to 1.0 mmol substrate. Although about 80 enantioselectivity was shown, seven days were required to reach about 50 conversion. In this paper, we aimed at synthesis of optical activity δ-tri-and δ-tetradecalactones. The amount of Novozym 435 added was investigated for the purpose of shortening the reaction time and the effect on enantioselectivity Scheme 1, Table 1 . Racemic Nmethyl-5-acetoxytridecanamide rac-1a was used as a substrate, and methanolysis was performed in cyclohexane adding 0.2-0.6 g of Novozym 435 for four days. When 0.3, 0.4, or 0.5 g was added, a great difference in the conversion rate was not observed showed 89 enantiomeric excess using 0.6 g Novozym 435 Table 1 , Entry 5 . When 0.3-0.5 g of Novozym 435 was used, methanolysis progressed with about 80 enantioselectivity. It was seemed that S -3a and S -5 shows about 80 enantiomeric excess, respectively, in 50 conversion with addition of 0.2 g and 0.6 g. Based on these results, although the amount of Novozym 435 added affects the conversion rate, it does not affect enantioselectivity greatly. The yields of S -3a and S -5 increased with the amount of Novozym 435, and the comparably long reaction time was required. It was seemed that substrate affinity of Novozym 435 to rac-1a was low. As the amount of Novozym 435 was increased, the amount of substrate incorporated into the active site in the enzyme increased, and the yields of S -3a and S -5 were increased. However, in R -1a, S -3a, and S -5, an average high enantiomeric excess was shown in the case of 0.4 g. Therefore, it was determined that the addition of 0.4 g Novozym 435 to 1.0 mmol substrate was optimal.
Scheme 1 Novozym 435-catalyzed kinetic resolution of rac-1 and rac-2.
Effect of solvent and structure on enantioselectivity
The effect of a solvent on enantioselectivity and conversion was observed using rac-1a as a substrate Table 2 . Methanolysis was performed for four days using various solvents. Methanolysis progressed in almost all solvents except THF, acetone, and phosphate buffer Table 2 , Entries 6-8 . Permittivity is high for these three solvents compared with the solvent in which a reaction progressed. Enzyme is required free water to exhibit activity 45 . The relationship between water activity and enzyme activity was reported by Degn et al. 46 It was assumed that because these three solvent with high permittivity took free water from enzyme, Novozym 435 was deactivated, and methanolysis was not progressed. In the case of n-hexane and cyclohexane, the conversion was high compared with ether and toluene. The enantioselectivity was high, but the reaction was slowest in the case using toluene. These indicated that Novozym 435-catalyzed methanolysis of rac-1a was slow in high polar solvent compared with in low polar solvent. When n-hexane and cyclohexane were compared, the conversion was high using cyclohexane, although nhexane showed a slightly higher enantioselectivity than cyclohexane Table 2 , Entries 1 and 2 . i-Pr 2 O and CPME also indicated the same tendency Table 2 , Entries 3 and 4 . There are no great differences in the permittivity among these solvents, such as n-hexane and cyclohexane or i-Pr 2 O and CPME. These results showed that the methanolysis at 80 was faster than that at 60 . In other words, it is expected to shorten the reaction time at 80 . The enantiomeric excesses of S -3a and S -5 produced with cyclohexane or CPME were slightly low relative to these with n-hexane or i-Pr 2 O, but unreacted R -1a had high enentiomeric excess. The enantiomeric excess of R -1a was high although the conversion using cyclohexane was higher than that using CPME. Conversely, CPME showed low conversion compared with cyclohexane, but the enantiomeric excesses of S -3a and S -5 were high. From these results, it seemed that the mixed solvent of cyclohexane and CMPE produced high conversion and enantioselectivity for Novozym 435-catalyzed methanolysis of rac-1 and rac-2 at 80 . The effect of an R 2 group on the reactivity and enantioselectivity was confirmed Table 3 . Rac-1 and rac-2 were hydrolyzed with Novozym 435 in cyclohexane for 4 and 5 days, respectively. 4 and 5 days were required to reach about 50 conversions for Novozym 435-catalyzed methanolysis of rac-1a and rac-2a, respectively. The substrate possessed long chain at R 1 group took long reaction time for Novozym 435-catalyzed methanolysis 40 . The reaction time of rac-1a-e was 4 days, and rac-2a-e was 5 days to confirm the effect of R 2 group. In the case of N-alkyl-5-acetoxytridecanamides rac-1 showed high conversion compared with those with cHx and Bn groups. It seemed that a substrate with a small R 2 group has high reactivity for Novozym 435-catalyzed methanolysis. The low conversion substrates rac-1b, d and e gave S -3 and S -5 with higher enantiomeric excesses than the high conversion substrates rac-1a and c . Conversely, rac-1 with Me and i-Pr groups afforded higher enantiomeric excesses of R -1. When the Me group was compared with the i-Pr group, there were no great differences in the enantiomeric excesses of R -1. However, the Me group showed higher enantiomeric excesses for both S -3 and S -5. From these results, it was assumed that the Me group was optimal as an R 2 group, considering the conversion and respective enantiomeric excesses Table 3 , Entry 1 . On the other hand, when using N-alkyl-5-acetoxytetradecanamides rac-2 with n-C 9 H 19 as a substrate, great differences in the conversion for all substrates rac-2a, b, d and e except rac-2c were not observed, and rac-2c with i-Pr as R 2 group showed low conversion. In rac-1, rac-1b, which has a comparatively small n-Pr group showed low conversion as with 52 . R 2 groups in the substrates used in this paper had various shapes. It was assumed that Novozym 435 had high substrate specificity for all substrates except rac-2c because there was no great difference in the conversions and enantiomeric excesses among all substrates except rac-2c with a i-Pr group. In other words, Novozym 435 exhibited low substrate affinity and selectivity for rac-2c. Rac-2a with a Me group gave R -2 and S -6 with high enantiomeric excesses, although no great difference in the results among all rac-2 except rac-2c was observed, and rac-2a was the optimal substrate in rac-2. When rac-1a is compared to rac-2a, the substrate affinity of Novozym 435 for rac-1a was higher because the reaction time of rac-1a required until the conversion reached about 50 was shorter than that of rac-2a. In contrast, the substrate selectivity of Novozym 435 for rac-2a was slightly high compared with that of rac-1a.
When rac-1a was hydrolyzed using Novozym 435, cyclohexane gave a high conversion with a short reaction time and CPME showed high enantioselectivity Table 2 . It seemed that the optimal conditions, a short reaction time with high enantioselectivity was obtained by using mixture of these two solvents Table 4 . The solvent in which CPME was mixed at 5-25 with cyclohexane showed almost the same conversion as using only cyclohexane or any more when rac-1a was hydrolyzed as a substrate Table  4 , Entries 1, 3, 5, 7, 9, and 11 . When a solvent including 5, 10, or 15 CPME was used, the enantiomeric excess of S3a decreased compared with only cyclohexane Table 4 , Entries 3, 5, and 7 . The mixed CPME including cyclohexane reduced the reaction time until 50 conversion was reached compared with the case when only CPME was used. When CPME was used as the solvent, Novozym 435-catalyzed methanolysis of rac-1a progressed with the highest enantioselectivity, although the mixed solvent of cyclohexane/CPME 25:75 gave the highest enantiomeric excess of S -3a Table 4 , Entry 17 . From these results, it was assumed that the mixed solvent of cyclohexane/CPME 80:20 or 75:25 was suitable because these solvents gave shorter reaction times with only a slight decrease of enantioselectivity Table 4 , Entries 9 and 11 . Similarly, CPME was suitable because although it required longer reaction time, but it showed high enantioselectivity Table 4 , Entry 17 . In the case of rac-2a, the mixed solvent which included 5-25 CPME did not affect the conversion compared with cyclohexane alone, and it had the same tendency as rac-1a Table 4 , Entries 2, 4, 6, 8, 10 and 12 . The solvent with which CPME was mixed up to 25 didn t have a great effect on enantioselectivity. When optically active δ-hexadecalactone was synthesized by the same method, the ratio of cyclohexane to CPME widely affected the conversion and enantioselectivity 40 . However, it cannot be said that the mixing ratio greatly affected the conversion and enantioselectivity of rac-1a and rac-2a.
Amine added Novozym 435-catalyzed methanolysis
We p r e v i o u s l y s y n t h e s i z e d o p t i c a l l y a c t i v e δ-hexadecalactone using Novozym 435-catalyzed enantioselective methanolysis of N-methyl-5-acetoxyhexadecanamide 40 . The addition of two equivalent amounts of cyclohexylamine to N-methyl-5-acetoxyhexadecanamide increased enantioselectivity about 10 relative to the absence of it. In this investigation, we considered that Novozym 435 catalyzed methanolysis of N-methyl-5-acetoxyhexadecanamide enantioselectively to afford optically active N-methyl-5-hydroxyhexadecanamide and subsequently intra-esterized it enantioselectively, and catalysis of these two reactions at the same time caused a decrease of enantioselectivity for the methanolysis of N-methyl-5-acetoxyhexadecanamide. Novozym 435 also catalyzed the methanolysis and intra-esterification enantioselectively for rac-1a and rac-2a at the same time because optically active lactones S -5 and 6 were produced at the methanolysis and the enantiomeric excesses of lactones were higher than those of hydroxyamides S -3 and 4 Table  4 . Therefore, it seemed that addition of cyclohexylamine increased the enantioselectivity for the Novozym 435-catalyzed methanolysis of rac-1a and rac-2a Scheme 2, Table  5 . The enantioselectivity of Novozym 435 was increased by the addition of cyclohexylamine in almost all conditions. The enantiomeric excess improved more than 20 from 10 Table 5 , Entries 3, 11, 13, 14, and 18 . Additionally, it was possible to shorten reaction time until reaching approximately 50 conversion by 24 hours in many cases. Whereas all mixed solvents showed about 80 enantioselectivity without addition of cyclohexylamine, methanolysis of mixtures to which cyclohexylamine was added progressed with about 90 enantioselectivity. When only cyclohexane or the mixed solvent of cyclohexane/CPME 90:10 or 80:20 was used, both enantiomers R -3a and S3d were obtained with over 90 enantiomeric excesses while S -3a showed a somewhat low enantiomeric excess for rac-1a as a substrate Table 5 , Entries 5 and 9 . On the other hand, only cyclohexane and the mixed solvent of cyclohexane/CPME 90:10, 85:15, 75:25, or 50:50 gave both enantiomers R -3a and S -4d with over 90 enantiomeric excesses for Novozym 435-catalyzed methanolysis of rac-2a Table 5 , Entries 6, 8, 12 and 14 . These results confirmed that addition of cyclohexylamine increased the enantioselectivity for Novozym 435-catalyzed methanolysis of rac-1a and rac-2a, like the case of N-methyl-5-acetoxyhexadecanamide. The enantiomeric excesses of both enantiomers for δ-tri-and δ-tetradecalactones 5 and 6 were over 90 without racemization.
3.4 Sensory properties of optically active δ-tri-and δ-tetradecalactone The enantiomers of δ-tri-and δ-tetradecalactone 5 and 6 showed different odor characteristics Table 6 . The odor intensity of the R -enantiomer R -5 was about two times stronger than that of S -enantiomer S -5 . Some differences in odor quality were also detected. The R -enantiomer of 5 exhibited a hay-like note. The S -enantiomer showed some resemblance to a walnut note. In contrast, both 6 exhibited a hay-like note, and there was no great difference of odor quality among each enantiomer of 6. Additionally, no difference of odor intensity was felt 
CONCLUSIONS
Enantiomers of both δ-tri-and δ-tetradecalactones were synthesized with over 90 enantiomeric excesses using Novozym 435-catalyzed methanolysis as a key step. The addition of 0.4 g Novozym 435 was suitable for a 1.0 mmol substrate. When cyclohexane was used as the solvent, high conversion was shown in a short time. Methanolysis progressed with high enantioselectivity using CPME. It differed from the preparation of δ-hexadecalactone, and a remarkable increase of enantioselectivity for Novozym 435 was not observed for the mixed solvent of cyclohexane and CPME. Addition of cyclohexylamine for Novozym 435-cataScheme 2 Amine added methanolysis in Novozym 435-catalyzed kinetic resolution. lyzed methanolysis of rac-1a and rac-2a increased enantioselectivity about 10-20 compared with the absence of it, and the reaction time was shortened. Optically active δ-tri-and δ-tetradecalactones could also be prepared in high enantiomeric excess by the use of mixed solvent compared with the case when cyclohexane or CPME was used individually. Different odor characteristics were confirmed for δ-tridecalactone. The R -enantiomer showed a hay-like note, and the S -enantiomer exhibited some resemblance to walnuts. However, there was no great difference in odor intensity for δ-tri-and δ-tetradecalactones among each enantiomer. Preparation of optically active δ-tri-and δ-tetradecalactones
